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Minimum probability of electron-hole pair generation by blackbody radiation
Cheng-Hsiao Wu
Electrical Engineering Department. University of Missouri-Rolla. Rolla. Missouri 65401

(Received 11 January 1985; accepted for publication 14 March 1985)
Using the small-perturbation assumption that all the useful work is in the form of electron-hole
pairs when photons from a blackbody radiation source are incident on a quantum device, we
derive the minimum probability of generation of one or more pairs of electron holes. Using the
Planck radiation formula for the solar spectrum at 6000 K and for the quantum device at 300 K,
this minimum probability is about 0.8 at low photon frequency and approaches the limiting value
of 0.95 at high frequency. Its relation to maximum efficiency of a quantum device is discussed.

J. INTRODUCTION
Electron-hole pair generation by incident light is the
central working principle of quantum devices utilizing photoconduction. I •2 In such devices, such as photodetectors,
photoelectrochemical systems, or solar cells, photons are
generated at a source of temperature Ts' The device has a
characteristic band gap Eg and is maintained at the steadystate temperature T r • Before the light is turned on, the blackbody radiation of the device is in equilibrium with its surroundings so that there is no net photon incidence on the
device. The thermal generation of electron-hole pairs at temperature T, is not included in this discussion. We ask what
the maximum and minimum probabilities are that a photon
with energy hv greater than Eg from a blackbody source
incident on the device will produce one or more electronhole pairs. 3-5
At the finite temperature of the device the maximum
probability is not unity regardless of how long one waits or
how thick the sample is, since there is always a finite probability that a photon with energy above the band gap will
generate only lattice vibrations. The physical processes that
lead to the couplings between photons and lattice are numerous. Only when the temperature of the device is maintained
at absolute zero is the lattice frozen out of interaction with
photons. At finite temperature, the first-order coupling constant between a photon and lattice is very small as demonstrated by such processes as Raman scattering. However,
there are an infinite order of couplings between photons and
the lattice. Those processes include also all the "virtual processes" involving couplings earlier of photons with electronhole pairs and the final coupling with the lattice. While it
would be impossible to evaluate all such processes term by
term to arrive at the total coupling constant between photons and the lattice, the value of the maximum probability of
electron-hole pair generation cannot be assumed to be unity.
However, this value is often taken as unity, or as an adjustable parameter, by other authors. 3 . 1I
Because of the difficulty in evaluating the upper bound
of the maximum electron-hole generation probability, it
would be meaningful to calculate the lower bound of the
probability. If we use the small-perturbation assumption
that all the useful work is in the form of electron-hole pairs,
then the laws of thermodynamics and statistical mechanics
will determine the minimum probability of electron-hole
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J. App/. Phys. 58 (1),1 July 1985

generation. Note that we can the lower bound of the maximum probability the minimum probability of electron-hole
generation, because at least that much probability exists for
the generation of electron-hole pairs before any recombination losses. The reason there exists a higher probability than
this minimum probability is due to the fact that not all electron-hole pairs can produce useful work once generated. As
mentioned earlier, the upper bound of the maximum probability is not unity but is determined by considering all order
of couplings between photons and the lattice.
In Sec. II we derive the minimum probability using the
energy-entropy balance of Landsberg and Ma11ison6 •7 •8 and
the small-perturbation assumption that all the useful work is
in the form ofelectron-hole pairs. For example, the transport
of electron-hole pairs generated by incidence of solar photons of a p-n junction device can certainly deliver electric
power as a form of useful work. The values of the minimum
probability range from 0.8 at low photon frequency to 0.95 at
the high frequency when the solar spectrum is considered
equivalent to that of a blackbody radiation. In Sec. III, we
relate this minimum probability to the maximum efficiency
that can be obtained from a blackbody radiation source. It is
the implicit use of the value of this lower bound that distinguishes the approach by Landsberg et aI. 6 •9 • IO from the ultimate efficiency hypothesis used by others for the calculation
of solar cell efficiency. 3.11 The concept of the number of useful photons at frequency v is also introduced.
II. MINIMUM PROBAB!llTY OF ELECTRON-HOLE
GENERATION

Since the intensity of blackbody radiation under consideration is weak, typically 0.1 W/ cm 2/s for solar radiation,
one could assume that the perturbation to the quantum device is sman and the useful work that can be extracted from
this radiation is in the form of the transport of electron-hole
pairs generated by the optical transitions of an electron from
the valence band to the conduction band. When a photon of
energy hv> Eg generated at source temperature Ts is incident on the device, the initial state of the device is transformed to an excited state which is a combination of the
excitation of one or more electron-hole pairs and the excitation of ions. The energy flux Fulv) and entropy flux F.(v)
generated at the blackbody source of temperature Ts are diluted in transit to the flux distributions fu (v) and f.(v) which
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are incident on the device at the temperature T r • It is possible
that the incoming flux will reappear in the form of reradiation with flux distributionsf~ (v) andf;(v). Since we assume
the term that can generate useful work fw(v) is totally derived from electron-hole pairs and that the atomic vibrations
are in the form of heat ~ (v), the energy conservation at photon frequency v is given bl· 9

fu(v) =f:(v)

+h(v) + fw(v)

(1)

and the entropy conservation is

Is(v)=f;(v)+f~v) _f~irl,

7J =

(2)

r

where f~r) is the entropy from the irreversible processes occurring at the device. Equations (1) and (2) can be combined
to give

fw(v) = (fu - Trlsl - (f~ - Trf;) - Trf~irl.

(3)

Thus, the maximum work fw (v) is obtained if the irreversible
energy loss is zero andfw(v) is bounded by the change in free
energy only.
The minimum probability P(v) of electron-hole generation at photon frequency v is thus obtained by assuming that
the maximum amount of the useful work fw(v) is in the form
of electron-hole pairs so that

_ {fw(V)lfu(V)
Ply) - .0

cell, Eg = 1.7 eV and P(v) = 0.93 at the threshold. (See Fig.
1, x = 0.05). Note that this minimum probability is intrinsic
and the value so obtained has the same meaning as the energy efficiency of electron-hole pairs. Its relation with maximum efficiency of a quantum device can be explained as
follows.
The maximum efficiency of the device is obtained by
summing over aU radiation spectra of the useful work and
the incoming radiation energy. Thus

ifhv>Eg
ifhv<Eg'

(4)

fO

IL""

fw(v) dv

fu(v) dv = 1 -

~ x +! X4.

(8)

Equation (8) was first obtained by Landsberg and Mallinson 6 and by Press. 13 Various authors 8 ,9, II have attempted
to explain the reason that this efficiency is less than that of a
Carnot-cycle engine. However, it is now dear that this is due
to the fact that the blackbody radiation spectrum is such that
the energy efficiency of electron-hore generation that is equal
to Carnot efficiency is obtained only asymptotically at the
high-frequency limit as shown in Eq. (7). In Ref. 11, Henry
uses the maximum probability of unity at all frequencies to
calculate a single solar-cell efficiency. We would like to point
out here that an error is made whenever the maximum probability of dectron-hole generation equal. to unity is used. because it can easily be shown 10 that in such a case one can
always employ an infinite set of solar cells each operating at
an infinitesimal energy range to obtain 100% efficiency. The

The amount of reradiation energy flux or entropy flux is very
small at room temperature. This amount is assumed to be the
same as that obtained by replacing the temperature of the
blackbody radiation of the source by the reduced temperature Tr as the blackbody radiation passes through the device. 6 ,9 Using the familiar Planck radiation formula 12 for the
energy fu (f~) flux, we obtain

ENERGY Eg leV)

o

2
X= . 1

0.05
0.10

0.20

~

0::
if hv>Eg
ifhv<Eg,
(5)

where the two dimensionless parameters are x = TJT, and

z = hvlkTs ' We note that the minimum probability at fre-

quency v depends only on the temperature ratio x and is
independent of the detailed structures of the device. In the
very-low-frequency limit, it is easy to show that
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::i
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ct
0
0::
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:::E

::J
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ct

::Ii

(6)
t -x +xlnx
v-o
and the vaJ!ue of P (v) increases as frequency increases, reaching a vaJue of
limP(v) =

4

lim Ply) = 1 -x.

(7)

DIMENSIONLESS FREQUENCY

Z· hll/kTs

'''---00

From Eqs. (6) and (7), we see that the minimum probability
approaches unity at the absolute zero temperature of the
device, Equation (5) is plotted on Fig, 1 for various values of
x. For solar temperature of about 6000 K and solar cell temperature of about 300 K, we have P(O) = 0.8 and
P(oo) = 0.95, respectively. For an amorphous silicon solar
576
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FIG. I. Minimum probability of generation of one or more pairs of electron
holesP(v) is plotted as a function of photon frequency v [see Eq. (5) in text].
Photons from a blackbody radiation source of temperature T, are incident
On a quantum device maintained at temperature T" where x = T,IT, is the
temperature ratio. Various temperature ratios are used as indicated in the
figure. Note that for a quantum device with a characteristic band gap E.,
P (v} == 0 for v < E.lh.
Cheng-Hsiao Wu
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use of the minimum probability of electron-hole pair generation will give the correct maximum efficiency of a quantum
device as we have shown in Eq. (8), where fw(v) = P(v)fu(v)
from Eq. (4).
It is worth mentioning that it is the weak intensity and
small- perturbation assumption of the incident light on the
device that allow us to assume that all useful work is in the
form of electron-hole pairs. In the other extreme case of very
intensive incident light at frequency v where all the solid
atoms vaporize instantaneously and push the piston of a radiation engine, P (v) of Eq. (5) is the fraction of vaporized
atoms that can do useful work.

electron-hole generation is also the ratio of il(v) to nlv). The
maximum efficiency ofEq. (8) can then be rewritten in terms
of n(v) and P Iv) as
'T/ =

f"" dEg

~

['" Plv) n(v) dV/'

~~

roo dEg S""

1

~

nlv) dv.

(11)

It can be shown that this maximum efficiency can be obtained only if we employ an infinite set of quantum devices
each operating at an infinitesimal energy range 10 (see Appendix).
IV. CONCLUSIONS

m. NUMBER Of USEFUL PHOTONS AT FREQUENCY v
The fraction of the flux of photons ii(v) (number/second/unit area/unit bandwidth) that can generate electronhole pairs to produce useful work in the number of useful
photons, can be written as
(9)

iilv) =/w(v)lhv.

ii(v) is to be compared with total incident flux (v) of photons
on the device which is given by the Planck radiation formulas as
n(v)

=

C;;)

V/(i

v1kT
,

-0,

(10)

where r is the geometric factor. s The difference between iilv)
and n(v) is plotted in Fig. 2. The minimum probability P (v) of
104r---------------------------------~
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APPENDIX: DERIVATION OF THE LIMITING
EFFICIENCY OF AN INFINITE SET OF QUANTUM
DEVICES EACH OPERATING AT AN INFINITESIMAL
ENERGY RANGE

Let us start with the limiting efficiency 7J(x,y;. y/), for a
quantum device with lower cutoff energy E/ and upper cutoff energy E/ which can be written as9

n(lI)

11(11).

Using the small-perturbation assumption that all the
useful work is in the form of electron-hole pairs when photons generated from a blackbody source are incident on a
quantum device, we derive the minimum probability of electron-hole generations. Its value and its relation to the total
efficiency of a set of quantum devices are obtained. This minimum probability has the same value as energy efficiency of
electron-hole pairs and explains why Camot-cycle efficiency
is not achieved by the blackbody radiations.

x =0,05

7J(x, Yi ,y/)

= 'T/(x, Yi) -

Yi
- 7J(x, y/),
Y/

(AI)

where x = TJTs'Yi = E//kTs'Y/ = E//kTs' and 'T/(x, YI) is
the limiting efficiency of a quantum device with lower-cutoff
energy EI and no upper-cutoff energy. 7J(x, YI) is given by9.10

(A2)

where

f

Ju(Y) =

n=!

(y2
n

+ 2~ +~) e-ny
n

(A3)

n

and
2

3

4

5

PHOTON ENERGY h II (aV.1

FIG, 2, Numbet· of useful photons ii(v) at frequency vis plotted as a function
of photon frequency v [see Eq. (9) in text]. Various values of the temperature
ratios x are indicated in the figure. n(v) is the total number of incident flux at
frequency v and is the same as ii/v) at x = o.
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(A4)

Let us divide the energy between zero and E (where E-+ 00 )
by N equal intervals of width ..dE = E /N. Using Eq. (AI) to
Cheng-Hsiao Wu
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evaluate the efficiency 1] n of a quantum device operating
between energy range of E,,_ I and En' we have
1]"

= 1](x, Yn _ I) -

Yn - 1 1](x,y,,),
Y"

(AS)

where n = 1,2,3, ... ,N.
Noting that Yn _ I = Yn - ..:iy, where ..:iy = ilE IkTs
and summing over aU N energy intervals for N quantum
devices in series with each other, we have the total efficiency
1]tot in the N-oo limit that
1]tot

= ("" 1](x,y) dy.

g

=

(fw(V)) dv = A [(1 _ x)Ijy) + xIF(y) hv

U""

(1- x)Iu(Y)

+ xIF(y) -

3

x I F(y/x) dY) /

("" Iu (y) dy = ("" 1](x, y) dy
Jo

Jo

Y

=[(I-X) ~; +x( - ;;)_X3( - :;)]/~;

(A6)

Now we would like to show that Eq. (11) is the same as Eq.
(A6). In Eq. (11), we note that P(v)n(v) = fw(v)lhv so thae o

(a>

1]

= 1-~x +jx4,

Y

Jo

JE

where the contribution from the first term of Eq. (A4) is 11"4/
90 and the second term is 17.4/30.
Using Eqs. (A9) and (Ato), Eq. (11) is reduced to

which is Eq. (8).

x 3I F(ylxl),
(A7)

whereA = 2rr(kTs)3(RJRof/h 3C2 and RJR o is the ratio of
the radius of the sun to that of the earth's orbit.
The numerator ofEq. (11) can be rewritten as

("" dEg (a> n(v) dv

Jo

JE

g

= ("" dEg A Iu (y),

(A8)

Jo

where Y = Eg/kT..
Using the fact that

1"" Iu(y)dEg =11"4/15,

(A9)

we have shown that Eq. (11) and Eq. (A6) are equal. Furthermore, we have
(A to)
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